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accelerated cold electron beam due to the swept excitation of the finite

bandwidth two-stream instability.k
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A calculation is presented of the drag experienced by a continuously
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Recently, it has been shownl'2 that the momentum of a cold electron
beam can remain constant (i.e., clamped) in the presence of an externally
applied DC electric field Eo. The external push is offset by the contin-
uous excitation of a collective mode supported by a suitable background
structure (a plasma of density n, or an equivalent slow wave structure)
and travelling in synchronism with the beam. This clamping effect is
associated with the formation of charge clumpsz which are deeply trapped
within the growing potential wells of the collective mode., The beam

1

of the cold beam-plasma instability. However, for F.°>ET {more precisely

clamping regime appears when EO<ET, where E  is the saturated amplitude

ESZET) the clamping effect is destroyed and the beam enters the pure runa-
way regime. In this regime the velocity v of the beam increases monotoni-
cally in time, i.e., v=v(t) = vo(1+at), where Vo is the initial velocity
and av =a is the constant acceleration of an electron of charge -e and
mass m, To lowest order, a = eEO/mvo.

In the pure runaway regime the amplitude E(k,t) of a given Fourier
mode of frequency w does not attain a sufficiently large level to produce
clamping because the resonance condition kvsw is satisfied only for a
short time., Nevertheless, since the coherency of the beam is not
destroyed, the beam-plasma instability remains active and gives rise to
the growth of a broad spectrum of waves. This note presents a simple
calculation of the drag experienced by the beam due to the swept amplifi-
cation of the background noise as the velocity of the beam crosses the
two-strcam instability threshold, i.e., a given wavenumber k falls within

the unstable bandwidth for a finite length of time.
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The form of the collective drag force can be easily identified from

the exact lawl of momentum conservation for the beam-wave system, i.e.,
9 P +P) = enE
dt “ b L] b o n

where Pb refers to the momentum density of a beam having a number density

nb, and

2
P = Jdk k (3e/3u), —-15145;—1]— (2)

is the momentum density associated with the collective modes satisfying
the linear dispersion relation e(k,w) = 0. In the case of interest to
propagation through plasmas w = wp, with mp representing the electron
plasma frequency. Furthermore, for a fast beam ae/aw=2/mp, and is
independent of k.

The corresponding drag force density is given by Fd = -dpw/dt,

hence

Fy = -(m»p)"1 jdk k y(k,t)|E(k,t)|2 (3)

where the time dependent growth rate y enters through

t
E(k,t) = E(k,0) exp [:I dt‘y(k,t‘):] 4)
o

The principal feature of the effect under discussion is the bandwidth
of the unstable spectrum, since the amount of momentum that a given mode can
extract out of the beam depends on how long the mode remains unstable. The
relevant time of interaction At is determined by the condition aAt = A(w/k),
where A(w/k) refers to the phase velocity bandwidth of the unstable modes.

The unstable spectrum for a cold low density beam, i.e., nsnb/zno«l has its
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maximum growth rate Yp© (0.866)n1/3mp, located at a wavenumber km=wp/v.
The corresponding half-width of the unstable spectrum3 is Ak=(0.06)n1/3km.
To incorporate this dependency into Eq (3), the time dependent growth rate

is approximated by

v(k,t)= Yy | H[k-k_(t)] - H [k - k ()] (5)

where k:(t) = km(t) + Ak (t)/2 = ko(ltG/Z)/(1+ut), ko=wp/vo, 6=(0.06)n1/3,

and H refers to the Heaviside (step) function. 1In Eq (5) Y refers to a
suitably averaged growth rate (e.g., y = ym/2 in its simplest form). An
important simplifying feature of the beam-plasma instability contained in
Eq (5) is that the magnitude of the growth rate, and the fractional band-
width Ak/km are both independent of the instantaneous velocity of the beam,

Utilizing Eq (5) in Eq (4) yields the shape of the spectrum at time t

R R 1 k<k_
[E(k,0)|" = |E(k,0)|"
exp [(t - t )] k_<k<&,
1 exp (27k°s/ak) K>k, 6)

where t_=a"l [(k,/k)(1-8/2)-i]. This spectrum exhibits a characteristic

log lEIzmk'l tail associated with the decrease in sweep time as k increases;
a feature arising due to the absence of dispersion for fast electron plasma
waves (i.e., wnmp).

Using Eqs (5) and (6) in Eq (3) yields




T

k,8/2 )
Fg = -(r/my) J de (kek ) |E(k+k ,0)| exp T?ESE;’ ( gﬁ . % ]
-k_6/2
m

(7)

where B = 27k°/ukm. Defining y = x/km, and realizing that §<<l, transforms

Eq (7) into
8/2
Fa= - (/) ko [EC,,0) |7 exp (8872) | dy exp () ®)
-8/2
Fg = = Gr/may) K3 [ECky,0)[%(exp (86) -11 /8 ©)

which is correct for small § and arbitrary values of g6.
From Eq (9) it is found that the condition required for sustaining
the free fall behavior (i.e., small drag) is BS<<l, which in terms of

physical variables becomes
eEo>>(O.1)n2/3mpmv (10)

This criterion is the collective mode analog of the Dreicer runaway
condition® associated with single particle Coulomb collisions. When
Eq (10) is satisfied, the electron beam is found in the pure runaway
regime and experiences a collective drag given by

F, = - (0.03)n }n2/3

a WHOWOIYS (11)

1f E, is not large enough to satisfy Eq (10), the beam experiences

a strong drag force given by




Fy=-[(0.1)n] ! (aw;/nllsvs) |E(wp/v,0)|2 exp[(o.l)nz/%pv/a] (12)

which eventually brings the beam into the clamping regime discussed pre-
viously.l’2
It should be noted that the zero order spectrum appearing in Eqs
(11) and (12) is to be taken from the appropriate description of the
zero order plasma system, i.e., either from thermal equilibrium noise
or from a dense soliton spectrum, as is more appropriate for the small

k region of relevance to fast beams.

This work has been supported by the Office of Naval Research.

BIBLIOGRAPHY

1. G. J. Morales, Phys. Fluids, 22, 1359(1979).
2. G. J. Morales, Phys. Rev. Lett., 41, 646(1979).

3. W. E. Drummond, J. H. Malmberg, T. M. O'Neil, and J. R. Thompson,
Phys. Fluids, 13, 2422(1970).

4, H. Dreicer, Phys. Rev. 115, 238(1959),

A AV . an




B = 7 ik SN s JEOI R A T S T T S
b MRNKER WAy Laphioa . o Ann

BB i R n s P

*6L61 'SO1SAYd JO 9INITISU] UEDTIdWY .mu_mxumouum<
$3S§970J4 UOTIBIA[3IOY a[d13xeg uo doysyaopm eylof €1 3yl jo s3urpaadold 3yl ul paysiqnd aq oj
11TUCI0) .>..m ‘, UOTIBI3[82DY 2[d11ded d119313ug pue ‘swioisqng ‘uor3dd2uuoddy dt1Iaydsolauley,,
o "3397 “A9Y ‘sAyq 01 paiirwqns (6/61) 11ady
‘ ‘W ‘[ ‘utl "l 'V ‘.suorienionjq orisudeworldafy ewisyj 01 oang ixodsuer] uoxidd[3 plar4g-ssoi),
'l pin THOSKED WL TuE SV *juswauljuo) dr3oudely - uorsng JIeadnuowlayj pajloriuc)
S(Eryaan-das d 184 atiddy ut sdidoy ‘(6,61) 1iady ‘orqqoue) °3 ‘,sewseld (eproxoy jo Butieay-jy,
(rramyranfiinads) spsfua Tont "SpInt4 "sAy4 o031 paiywmgns ‘ (6,61) 11ady
¢ ‘N ue ewifel "L Aq ‘,Spini4 otudajieradng pue stuosiadng ut A3T11qeasu] z1(oym[ay-UTATIN Yy,
Jnaeae1 NP .mu«mxsm 1euorieandwo) jo jeulnor o031 palltuqns (6/61) (rady .:Omzma ‘W wﬁ puc
1°'N°'F ° L 814 93104 YIIM 2p0) 91d131aed dTweulpoapAyolsuley v,,
‘3nsoqel N ‘r ‘ewrflel °f *,SUOTIB[NUIS PIN[4 J0J SUOAIIALF 3 2po) 31 ;
'y ns dIep ‘lauuady} 4 O pue exnuifng °S -4 ‘,UOTIN[OAF Jesing Jo sIdadsy,,
{rmnor (edtsAydorisy o1 parrtuqns (6£61) Udien " ‘SpINI4 *sAy4 01 paritmgns
¢ e ‘4 r pue ‘937 ) ‘A ‘caryeddp,g v g ‘.<apoly Buraesp-ijrag w-y3ipg jo A3rriqess leautt,
(GL6T) UrIeW ‘ye1q 4 "r p T2 A ' et WLk Tt
’ e BN ‘4 ‘ dng ® utr A31d>115BYD01G JO 33SUQ 3YY,,
s 1ady *937 °D) ‘A Pue ynAudN "y "D £q ,,'1011TW d13EQRIpEIAANG ! o1
o1 paramuans (6L61) ~“Amnm_v t1ady ‘Suom ‘R ‘Y ‘,SeWSEld Ul S9183S JEAUTJUON A[Y3TH JO SUOIIeAlasSqQ [ejuowriadxy,,
. *(6L61) YdleW ‘usy) 4 ‘,,371n05 13MOJ IIBUILIM UB SB 13MO4 JEBI[INN,,
*(6L61) ydxey
' Aydoaisy pue Aaejaueld uo doysyrom 714r/VSVN
‘SMa1AdY 20uUdIIS adedg Jo uoTITPd (erdads e ‘saasydsorsuden 1ed1s ;
jo wm:wnoouo»m ayr ut paystiqnd aq 01 ‘3e{a4 'Y pue ‘exnui(ng °S ‘4 ‘[PuUudy} ‘g ‘D ‘,Sa19ydsorouldeN esing,,
.wmnmAU yoraey .“uuoa *A9y °sAy4 01 paijmmgns ‘uosseq ‘j ‘¢ pue eutfley ') ¢, 101LII{IDOY UOI1IB|[I laseT],,
*(6L61) Aieniqag ‘spingg °sAy4
‘ o B 'y '3 ¢ durucorreg a4yl uo uswwo),,
01 pa211tWqns aq o031 ‘937 *) ‘A pue I[PV 'V '3 ‘,S270d1I[Ny Joj uolIaITI) Bul
wﬁmhmﬂu A1eniqaq ‘sewsefd adedg ur sar3Iriqeisu] dAey uo untsodudg ayy jo °doi4 3yl =_nvo=m_ha=m
¢ ‘a ue ‘fauudy -4 "D ‘ellepqy-Inoysy eyen ‘,S9TIT[IqeIsu] OdTuomleylijny JT11aydsorauden,,
P90 urmies Ta g P ~ *(6L61) thnmaom
. LR 1] P1214 O132uldey uo saudwtiadxy,,
‘- TA *sAy4 01 PIIITWGNS ‘UBWIYIH "M pue [IZUIIS ] Y ::c_uuoccowoa aul )
.Mwwwﬁu mwmshnu“ ‘spintd ‘sAy4 01 pa1ituqng -uond 'y ‘g pue Juoy ‘A v ‘3unay -4 ‘,siake] aiqnog jo uolrewiog,
. Areniqay .mv-:*m JO sotsAyq o3 paituqns ‘ny ") "D Pue 3313Yd2311d "1 °d ‘wSpue(s] dr19udey JOo 22UIIS3I[RO),,
(6261) . . *(6L61) ‘Aaeniqoy ‘spinyy °sAyq Aq paidadoe ‘ewifel °| pue
Jdueyuy,,
E ‘N 'r* 914 D11309 e Aq saAeyq puse[d apnitjduy osfieq pue SuUOIIDI[J uIAMIIQ UOTIDBIIIY] P
HreeeeT z.AM mﬁw~>w“:u}cu .chwm *sAyq ut paystgqnd aq o1 ‘usy)y jueryg ‘,uoisng at19ude ut sidaosuo) ajeursity,,
¢ *(6L61) Axenxqag ‘°1197 "A9Y ‘sAy4 o1 parrtwqns
‘ s IR0 W 313 2aeM-3312Q Jo LIT(IqQCIS,,
‘ W ue uayjy nt 297 D ‘A 'wSYiduaponem feIpEY A1R111QIV YIIM SIpOWUDTT 1
SUTAN W M P ;u .qunm.u xum::um ‘s93uards 9Yy £q paidadde ‘uay) ‘4 ‘,uredy -- uredy Awaysyy meN Iyl,,
*(6461) Aaenuepr ‘-say °sdydosn 031 pailteqns .xo:umo ‘r °Qg pue .Muuzgu ‘¥ °S
. ‘WY - e3edoig aaeym Jo sdueliodw] 9yl :sSIY dtxaydsewserqd jo urSrag oya ug,,
suroyy | ‘Y ‘.9Sned-euseyd Iyl pue uorl d N3 3] T e
. : ‘wequep ‘W ue 297 ) ‘A ‘wSyeweyol ui sIpow adLj-Juruoofieg 103 wsiyewrog [wqOl9,,
Aoy "sdud o3 paazymqns QUEA W LR ‘(6261) »um::mw * A9y "sAydoan jJo - 01 pai1ltEqQng  LISIALT ‘M pue
W 319213 3Jo Apnig drXjowereq vy,
s I epqy- INoYsy ‘W °,239ydsolaudel saya ur satIriiqersu] u_zoewmzﬁudzx uoa
. _uccwxths:ww wm“uwu<.>n¢:.mxzm ou po1i1lEqng "uosmeq ‘W ‘f Pue ury °§ °V ‘,,I3SE] U011II3[J 314 Adua1d1333 YBIH V.
(6e6t *(6L61) Axenuer ‘°13137 A9y *sdy4 01 pIItwqns
. ¥ ‘ ‘¥ °7J ‘uaqemMz [ ‘S ', fEWweNOl 1031010®l 9Y) IPISUT SUOTIENIINTY d1raulen aedS-[1PEs,
IOTAEL F W PUR TARAUSM T¥ 1D TUSQSRZ Tr 7S A *(6461) Axenuef ‘uoyl1e1IaISSIp ‘ISQIASH °[ JIOY
‘,BUSB]4 21y P3I191[y-19Se] B WOl4y UOIIBRIpERY JIISE] ~ou 30 13331e2S)DEE PUE 1311LISIPIS UINO[[Tdg PIILINETIS,
)

pue ad>edg uy
axm_,ﬂz;A_.:;ox.;.uvcs

D

. - . .

801-04dl
LOV-0d¢
901944
S0v-94d

vOt-9dd |
£0t-9dd

{0t-9dd
10v-9dd |

00t -9dd
66€-0dd

86€-0dd
L6%-0dd
96¢ -0dd
S6¢€ -0dd
$6£-Ddd
£68£-2dd
761 -944d

16£-3d4
06£-9dd

68%-9dd
888 -9dd

L8t-Ddd
98t -Odd

S8t -9dd
v8t-9dd

£8E-9d44d
8L-9dd




e e e T 2

*SpINt4 *sAy4 03 pIItwgns
. ‘ oy g ¢ v - - A3111qe3g pue wntaqijinbg,,

‘ ¢ ‘ . ue ‘1a[py ‘v ‘3 ‘oitfoddy,q ‘v ‘@ ‘.s3todriiny teptoroy g-y3tH 3o
(6e6ur fne 7221 79 TAF . “spIni4 sAyd 01 pailtwqns ‘(6261) Isndny ‘uayy ‘4 ‘4 pue
“1SQIay ‘f ‘W '.SEBWSE[4 PaITUOTaL4 wWOIJ 131IEDS }Oeg pue 1933825 IPIS }ydeg jJOo saIpNlg,,
*1397 A3y
-5 uqns ¢ Agng ‘uay) 3 -4 pue uolkefd '3 D ‘ISQIAN ‘[ "W ‘,1333EIS )jOeg UINO[[lig JO UOTIEINIES,,
WA—*& 0} paly QG A@Nm—w .AOB@—V X—:ﬁ -..nn. -::N‘—.—zs— ‘3 °N
ue ‘ase ‘¥ ‘AN "3 H ¢ uautiadig uoTIdOERIIJU] BUSE]J FABMOIITH B Ul dul19131edG uUINO[|lig pIale[nullg JO uollealasqgp,
r . . *(6461) AIng *if ‘uuewyn] ‘) "N PUEB SI[qa34 °V ‘M ‘ISEH °V
'y ‘,,Burislieds 1ase] pay eajuj aej Sursn YeweyOo] JOJOIDTN Y UT SATIT[TQRISUTOIDIN A>uanbaig mo7 jo Apnis,,
Y *sAyd ‘seld ‘[ 03 pa1ilwqns
“(6,61) Ainr ‘weydurg -y pue ‘1d1py "V ‘patad ‘d "4 ‘.11 SEWSP[J U UOTIEIIOXF d1I1jaweled 2OURUOSIY A[qnog jJo A1oayy,,
-(6L61) Arnp ‘ewrfer -1 ‘,A3111qe3su] Buria3ledsydeq uinofilig ay3 toj A31A1203[J9y pue uotleinyes,,
“(6L61) 0::» ‘aoyAel ‘[ °Y pue JdWwioy ‘M °f ‘,Ydol1easay uoisng jeweyojl ul uoridalord uoljeipey,,
°1197 "A3Y °‘sdy4 03
mgques ‘ -7 *§ PUE UBW[Y2D ‘M ‘,SEBWSE[J UT SPI214 O115udeN JO UOTID3ULOIAIY pue Burreay padley,,
pay -myns ‘(n_6[) dunr ‘137ud3§ T ‘Y P 13439 "M “u *31137 ‘say ‘sAydoan
sunf ‘tuejninsi ‘j ‘@ Pue awloyy ‘W ‘y ‘.0 uo A3TATIOY JTUBD[OA £q Pale[NPoN BlOINY UBRTAOf ISNIJIIQ,,
031 pailtwqns (6/6G1) r “sysous (6161) ounf .lmr uep ‘M sawep ‘,sat1r[iqeisuy Juruooiieg jo Liodayl d13Iauly,,
: -s3y sdydoan -ir o3 palITWQNS
52 61) A ‘uew(andg - ue [2zu33S °7 ‘Y ‘,IudWTIadxI uOl1dIUUOIIY B UL SPIILY 314310313 Padxpu] pue d13eIS0IIIN],,
6.61) AenN 12420 "M P " - soy .mx-—a—OOU "1¢ 03 pa13yNaNS ‘(6261) At
Cpanalg ) 'Y ‘UBWINdn M ,UOTIDAUUODIIY UO jusutaadxg A101BI0GE] B Ul SYIOUS MOG pue $3133y§ [BIINAN jO Uoljewloy,,
‘(6161) AeW ‘ewi(ey -f ‘,SSPo) UOIIBINWIS VDN A4yl Yilm leljime] dw0ddg sf 137,
‘spinyg "sAy4 03 pai1iteqrs ‘(6L61) Awy
} iy - . g p ! p oy ! AH 2am07 )Jo uolleinmEls,,

I E] ue ‘uosmeg ‘W 'f ‘SI{EION ‘f 'O ‘,qEIS EBWSE[4 WIOJIUNUON EB Ul durieay praq , S
Viea oy AP *Yyiany ‘S "M PuE 132WIng 'y °q ‘[Iuudy -4 ‘) "juel4 °y °q
‘4 g " uo1INQIAISIQ WOI1IB13,,
‘uewiluag ‘¢ (¢ ‘.,,913ydsojsulden apisdeg 3yl ul suolssSiwy DT1IEIS011I31] Yitm pajeldossy suotidoung

“(6.61) Aew ‘Buom ‘A PRIJTV ‘. (143DNOD IVWINS FHL) SPI3T4 d13auleyy adejing Aq sewse(d JO JudmIULFUO,

‘.21q234 'V "M ‘uoakerd '3 ‘D

TN | .h

SZt-9dd
vZr-0dd
£2t-9dd
TZr-9d4d
1Zv-9dd
0Zv-3dd
61¢-9d4d
81t-0dd
L1¥-9dd

91v-9dd
S1t-9dd

¥19-2dd

£ir-94d
Z19-94d

11¥-Ddd

01v-944
60¥-94d

e




